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ABSTRACT

The role played by interocean fluxes of buoyancy in stahilizing the present-day overturning circulation of the
Atlantic Ocean is examined. A 2D model of the Atlantic overturning circulation is used, in which the interocean
fluxes of heat and salt (via the Bering Strait, Drake Passage, and Agulhas Leakage) are represented by sources
and sinks. The profiles and amplitudes of these sources are based mainly on the heat and salt fluxes in a high-
resolution ocean model (OCCAM).

When applying realistic sources and sinks, a circulation is favored that is characterized by major downwelling
in the Northern Hemisphere (northern sinking pole to pole circulation, NPP), and resembles the present-day
Atlantic overturning circulation. The Southern Ocean sources appear to stabilize this circulation, whereas Bering
Strait freshwater input tends to destabilize it. Already a small buoyancy input at southerly latitudes is enough
to prohibit the existence of a southern sinking circulation (SPP), leaving the NPP circulation as a unique and
stable solution. A large, factor 3 increase in Bering Strait freshwater import would be necessary to bring the
SPP circulation back into existence.

Especially the Indian—Atlantic transfer of heat and salt, brought about by Agulhas Leakage, contributes
considerably to the strength and, in particular, the stability of the northern sinking circulation. According to this
model, shutting off the Agulhas Leakage, and consequently the so-called warm water route for North Atlantic
Deep Water (NADW) compensation, leads to a reduction of the overturning strength by 10% at most. These
results imply that the way in which the NADW renewal takes place has implications for both the strength and
stability of the Atlantic overturning circulation, giving the discussion about the warm versus cold water route
for NADW compensation dynamical significance.

Moreover, when the stabilizing effect of the Agulhas Leakage on the overturning disappears, the destabilizing
influence of the Bering Strait freshwater input becomes more effective. The system is then close to a regime
where the northern and southern overturning circulations coexist as stable solutions. Perturbations in Bering
Strait inflow may then easily lead to switches between the two circulation states. These results suggest that the
absence of the Agulhas Leakage during the last ice age may have contributed to weakening of the glacial
overturning circulation in the Atlantic. It may have made the thermohaline circulation vulnerable to variability
caused either by regime switches, or by the excitation of oscillatory modes. The sudden restart of the Atlantic
overturning circulation at the beginning of the Holocene may well have been stimulated by the coincident
reopening of the Agulhas Gap.

Presence of the Agulhas Leakage may contribute to the relative stability of Holocene climate. Present-day
climate may thus be more stable than previously thought.

Palaeoclimatic records indicate that during the Pleis-
tocene eraof ice ages climate instabilitieshaveregularly
interrupted the prevailing cold or warm conditions (e.g.,
Dansgaard et al. 1993). In view of thisunstable climatic
history, the stability of the Holoceneis quiteremarkable,
and seems to be an exception rather than the rule. The
fear seems legitimate that our future climate, possibly
modified by anthropogenic influences, may again be-
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come prone to instabilities. Determining the mecha-
nisms of the climate instabilities during the past, and
assessing the stability of present-day and future climate,
is one of the main goals of climate research.

It is widely recognized that the large-scale ocean cir-
culation to a large extent influences climate and that it
must have played a central role in shaping the past cli-
matic instabilities (e.g., Broecker et al. 1985). Several
hypotheses have been put forward to explain the Pleis-
tocene instabilities from ocean circulation alone without
invoking ocean—ice interactions. Most of these hypoth-
eses are based either on the presence of oscillatory
modes or of multiple equilibria. Oscillatory modes may
evolve into stable limit cycles when they destabilize the
underlying steady state via a Hopf bifurcation (Weaver
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Fic. 1. Profiles of prescribed atmospheric temperature T* and
surface salt flux FS as a function of latitude.

et a. 1993; Dijkstra and Molemaker 1997). If they are
damped, they may be excited by stochastic components
of the surface freshwater forcing (Griffies and Tziper-
man 1995; McWilliams 1996). Tziperman (1997)
showed that in particular a weak thermohaline circu-
lation is vulnerable to excitation of oscillatory modes.
Especially the so-called flushing oscillations (e.g., Win-
ton and Sarachik 1993), which are characterized by long
episodes of diffusive destabilization of the abyssal ocean
and short episodes of catastrophic relaxation, may be
considered as possible candidates for explaining Pleis-
tocene climate variability due to their long (millennial)
timescales.

The other possible explanation of rapid climate fluc-
tuations liesin the concept of multiple equilibria. Stom-
mel (1961) discovered that thermohaline-driven flow in
an oceanic context may exhibit multiple equilibrium
states under identical forcing. In the presence of multiple
equilibria, finite-amplitude perturbations could trigger a
switch from one equilibrium to another, resulting in a
dramatic reorganization of the climate system (e.g.,
Broecker et al. 1985). Weaver and Hughes (1994)
showed that switches between these equilibriamay even
be triggered by stochastic components of the surface
(freshwater) forcing.

Multiple equilibria have been found in alarge variety
of models[see Rahmstorf et al. (1996) for an overview].
Marotzke and Willebrand (1991), for instance, identified
four equilibria in a simplified model of the Atlantic—
Pacific circulation, characterized by deep-water for-
mation taking place either in the North Atlantic and/or
in the North Pacific basin, or in the Southern Ocean.
However, asymmetries between the Atlantic and Pacific
strongly hinder the equilibria involving North Pacific
downwelling (e.g., Stocker and Wright 1991a,b; Stocker
et al. 1992; Hughes and Weaver 1994), leaving only the
states with downwelling either in the North Atlantic
(northern sinking) or in the Southern Ocean (southern
sinking) as candidates for regime switches.

In other models multiple equilibria are found that are
characterized by a weaker or stronger North Atlantic
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TaBLE 1. Symbols and characteristic values of dimensional and
nondimensional parameters used in this model.

Parameter Symbol Vaue Unit
Length scale L 134X 100 m
Depth scale H 5X10° m
Temperature range AT 25 °C
Atlantic mean temperature T 3.86 °C
Salinity range AS 2 psu
Atlantic mean salinity S, 34.94 psu
Surface salinity S 36 psu
Reference density Po 1x 100 kgm3
Heat capacity C, 4 X 10 JkgtK?
Vertical diffusivity K, 1x 104 m?st
Aspect ratio a 5 X 10~
Thermal Rayleigh number Ra 1x 10*
Prandtl number Pr 2.25
Buoyancy ratio A 0.32
Thermal relaxation constant b, 100

overturning cell (e.g., Manabe and Stouffer 1988; Weav-
er and Hughes 1994; Rahmstorf 1994, 1996; Dijkstra
and Neelin 2000). This is more in agreement with pa-
laeoceanographic data, which suggest that during the
last glacial period North Atlantic Deep Water (NADW)
formation had not ceased, but was strongly reduced
(e.g., Sarntheim et al. 1994). Rahmstorf (1994) has
shown that in his ocean general circulation model
(OGCM) different strengths of the Atlantic overturning
circulation were related to different distributions of the
convective areasin the northern North Atlantic. Dijkstra
and Neelin (2000) identified two equilibria resulting
from north—south asymmetries in the basin geometry
and in the surface freshwater flux of the Atlantic. They
identified the strong overturning state as a conventional
pole-to-pole circulation that is thought to represent the
present-day overturning in the Atlantic (e.g., Bryan
1986). The state with weak overturning turned out to
be related to the thermally driven two-cell solutionsfea-
turing equatorial upwelling, found in models that have
equatorial symmetry (e.g., Thual and McWilliams1992;
Dijkstra and Molemaker 1997). The asymmetriesin the
model of Dijkstra and Neelin (2000) cause a southward
shift of the upwelling region and a strengthening of the
northern overturning cell.

If the combination of all north—south asymmetriesin

TABLE 2. The amplitudes of the Agulhas (7,) and ACC (7,) heat
sources used in this study. Dimensional values are calculated from
the OCCAM climatology (see appendix A). Dimensionless values are
the equivalent heat source amplitudes, as determined in appendix B.
The conversion factors can be used to relate the dimensionless source
amplitudes 7 to their dimensional equivalents 7* (in PW). The lower
row gives the values applied in the standard source configuration.

Heat sources Tagu Toce
Dimensional (PW) 1.15 -0.37
Dimensionless 6.27 —2.14
Conversion factor (PW) 0.18 0.17
Standard source configuration 6 -2
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the Atlantic induces preference for the present-day over-
turning circulation to such an extent that it leaves it as
the only stable circulation possible under present-day
(and future) forcing, then our climate could be consid-
ered stable with respect to changes that may be expected
in agloba warming scenario, like melting of the Green-
land Ice Cap, enhanced Bering Strait throughflow (Shaf-
fer and Bendtsen 1994), or an enhanced stochastic com-
ponent in the surface freshwater forcing (Hughes and
Weaver 1994). Furthermore, determining the windows
in parameter space where multiple equilibria occur may
provide the key to understanding rapid climate transi-
tions in our Pleistocene past.

One aspect that induces north—south asymmetry in
the Atlantic, and thus may influence the stability of the
Atlantic overturning circulation, is the way the Atlantic
exchanges water, heat, and salt with the other ocean
basins. Shaffer and Bendtsen (1994) were the first to
explore the impact of North Atlantic interocean ex-
change (viaBering Strait) on the stability of the Atlantic
overturning circulation. In their three-box model, rep-
resenting the North Pacific, the North Atlantic, and the
rest of the World Ocean, they showed that the present-
day conveyor belt circulation is not unique and that a
slightly increased freshwater inflow into the North At-
lantic could destabilize the conveyor belt circulation in
favor of a southern sinking state.

However, although the northern connection via the
Bering Strait is interesting from a geographical point of
view, being close to the vulnerable convection sites of
the northern North Atlantic, the communication between
the Atlantic and the other ocean basins is most intense
in the Southern Ocean. Here the Atlantic exports its
NADW by feeding it into the Antarctic Circumpolar
Current (ACC). Part of this NADW ultimately returns
as Subantarctic Water, entering the Atlantic through
Drake Passage with the ACC (i.e., the cold water route).
This water forms the source of Antarctic Intermediate
Water (AAIW), of which apart isfinally converted into
NADW (Rintoul 1991). Another part of the NADW
export is compensated by input from the Indian Ocean
via the process of the Agulhas Leakage (i.e., the warm
water route; Gordon 1985, 1986; see De Ruijter et al.
1999 for areview). How much of this Agulhas L eakage
water is used for the production of about 20 Sv (Sv =
108 m® s~*) NADW is not known in detail, but a con-
tribution of at least 4 Sv (Schmitz 1995) seems plau-
sible. The highly contrasting water mass properties of
the two possible renewal paths, via Drake Passage or
via the Agulhas Leakage, imply that the ratio of the
contributions is important for the salt and heat balance
of the Atlantic. Gordon et al. (1992) suggested that the
Agulhas Leakage could have dynamical impact on the
meridional overturning circulation aswell: the salt input
salinifies the Atlantic surface waters and would pre-
condition them for the formation of NADW. They even
speculated: ** If the Indian Ocean salt input were severed,
might the NADW thermohaline cell run down?’
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Circumstantial support for the hypotheses of Gordon
et al. (1992) comes from palaeoceanographic data. Ber-
ger and Wefer (1996) pointed out the coincident estab-
lishment of afirm Atlantic overturning circulation at the
end of the last ice age, and the reappearance in the
tropical Atlantic of a species of foraminifera, Globor-
otalia menardii. This species had been extinct in the
glacial Atlantic but not in the Indian Ocean. Its reap-
pearance can only be explained by reseeding of the At-
lantic from the Indian Ocean, suggesting a reopening
of the Agulhas connection. Indeed, other palaeocean-
ographic studies indicate that during glacial times the
Agulhas Leakage was severely reduced due to a more
northerly position of the subtropical convergence zone
(STCZ: Howard and Prell 1992; Flores et al. 1999).
Compared to the present-day wind field, a northward
shift of only a few degrees would suffice to effectively
shut off the connection between the subtropical gyres
of the South Indian and South Atlantic Oceans (De Ru-
ijter 1982). Although no causality could be determined,
it is tempting to speculate that the reopening of the
Agulhas Leakage may have played a role in the se-
guence of events leading to the recovery of the over-
turning circulation.

Influence of interocean exchange on the Atlantic
overturning circulation was recently demonstrated in a
2D model context (Weijer et al. 1999). In that study,
interocean exchange was parameterized as lateral fluxes
of heat and salt at the southern (30°S) boundary of the
model domain. The circulation turned out to be very
sensitive not only to the integral of these fluxes, but
also to their vertical distribution: both characteristics
were shown to directly influence the energy balance of
the flow. However, the approach did not allow for a
systematic determination of the impact of each of the
two paths of NADW renewal, the cold water route via
the ACC, or thewarm water route viathe Agulhas L eak-
age. Furthermore, the equatorial symmetry, that is to
some extent present in the Atlantic, was broken due to
the asymmetry of the model domain (extending from
30°S to 60°N). Since the northern sinking state was
strongly favored by this (artificial) asymmetry, it could
not be determined how Southern Ocean buoyancy fluxes
influence the equilibrium structure of the Atlantic ther-
mohaline circulation.

The goal of thisstudy isto investigate how the South-
ern Ocean interocean exchange modifies the strength
and stability of the northern sinking circulation and what
role is played by the different sources of NADW re-
newal. In particular we focus on the impact of the Agul-
has Leakage to determine whether the presence of the
warm (and salty) water path of NADW renewal has
dynamical influence on the overturning circulation, as
suggested by Gordon et al. (1992). The stability of the
overturning circulation is tested under influence of the
Southern Ocean sources and with respect to Bering
Strait freshwater input. The model used is basically
identical to the 2D Boussinesq model used in Weijer et
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Fic. 2. Wire plot representatlons of the source/sink distributions. (a) Heat source QT according

to Eq. (7a) with ,

= 1. (b) Salt source QS according to Eq. (7b), with o, = — 0,

1. Note that the |nd|V|duaI dlstrlbutlons QL @re normalized so that their |ntegra|s over the (y,

2) domain equal 1.

al. (1999). Here, the domain ranges from 60°S to 60°N
so that the basic equatorial symmetry is retained. Fur-
thermore, the interocean fluxes of heat and salt from the
two different NADW compensation routes are distinc-
tively represented as source or sink distributions. This
allows for estimating the impact of the warm and cold
water routes of NADW renewal.

Over the years, 2D models have proven their use-
fulness and have increased our understanding of the
thermohaline overturning circulation. Of course, the
large simplifications limit the model’s quantitative ap-
plicability to the ocean circulation and make the model
suitable for testing and exploring conceptual ideas, rath-
er than for making quantitative estimates of the stability
of the ocean circulation. The use of a 2D model in this
study is partly motivated by its relatively low number

of degrees of freedom, allowing it to be coupled to a
continuation code that enables a systematic study of all
(including the unstable) equilibriain arelevant volume
of parameter space.

Another motivation is more fundamentally related to
the problem that is addressed. Studying the impact of
interocean exchange on the overturning circulation in
global 3D modelsis complicated since interocean fluxes
of heat and salt are closely linked to the exchange of
water in the global thermohaline circulation. These flux-
es cannot be varied independently without somehow
decoupling them from the circulation itself. We hereby
assume that it is not the exchange of mass that is likely
to exert most influence on the Atlantic overturning cir-
culation, but rather the associated exchange of heat and
salt: it probably does not matter whether NADW returns
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Fic. 3. Streamfunction (upper panel), temperature (middle panel),
and salinity (lower panel) fields for the standard solution. Contouring
increments are 2 Sv for streamfunction (solid lines denote clockwise
circulation), 2.5 K for temperature (dashed line denotes 15°C iso-
therm), and 0.5 psu for salinity (dashed line denotes 35 psu isohaline).
Note the pool of cold and freshwater in the ACC area.

via the Agulhas Leakage or Drake Passage, were it not
for their different temperature and salinity characteris-
tics.

In the 3D modeling study of Weijer et al. (2001) this
decoupling was accomplished for the heat and salt ex-
change brought about by the Agulhas L eakage. The ab-
sence of an actual Agulhas Leakage in the (low-reso-
lution) model allowed for considering the leakage, as
well as its compensation by NADW or South Atlantic
Current water export, as subgrid-scale processes. The
resulting subgrid-scale exchange of heat and salt was
conceived and parameterized as sources, localized in the
Agulhas Retroflection area, whose amplitudes could be
varied systematically. However, the exchange between
the ACC and the South Atlantic takes place mainly by
subtle entrainment and mesoscale mixing processes
along the frontal zones in the Atlantic sector of the
Southern Ocean (e.g., Park and Gamberoni 1997; Boe-
bel et a. 1999). Since this exchange is not localized, it
ishard, if not impossible, to parameterizein a3D model
context in a way that is physically meaningful and ac-
ceptable.

One way to avoid the need of specifying this ex-
change explicitly isto perform zonal integration. In this
way, the amount of heat and salt that is exchanged be-
tween the ACC and the Atlantic can be estimated by
comparing the fluxes by the ACC upon entering the
Atlantic through Drake Passage and upon leaving the
Atlantic across, say, 20°E. Although the resulting flux
differences are to some extent influenced by processes
like air—sea exchange (an effect that will be accom-
modated by the boundary fluxesin the model) and local
upwelling (Weijer 2000), we assume that their vertical
distributions and integral values mainly reflect the ex-
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change processes between the Atlantic and the ACC.
The resulting zonally integrated representation of ex-
change processes between the Southern Ocean and the
South Atlantic make the fluxes preeminently suitable
for use in a 2D model context.

In section 2 the model is described, as well as the
sources that are used to parameterize the interocean ex-
change of heat and salt. The distributions of these sourc-
es are based on the interocean fluxes in the high-reso-
lution OGCM of the Ocean Circulation and Climate
Advanced Modelling Project (OCCAM) (Webb et al.
1998). In section 3 the model is forced with the South
Atlantic interocean fluxes, and the sensitivity of the
overturning strength is studied for different scenarios of
NADW compensation. Furthermore, the stability of this
circulation is studied with respect to freshwater input
through the Bering Strait. Summary and discussion of
the results follow in section 4.

2. Model setup
a. The model

The model that is used to study the influence of the
heat and salt source/sink distributions has been de-
scribed in Weijer et al. (1999). The present configuration
models the overturning circulation in the Atlantic Ocean
from 60°S to 60°N. Latitude and depth are nondimen-
sionalized through 6 = 60(2y — 1) and Z = H(z — 1).
The momentum equations are solved in a streamfunc-
tion/vorticity formulation:

Q= _azdjyy - lpzz (13)

Ml(% — J(, Q)) =RaT-9,+Q,+Q,, (lb)

where y and () are the dimensionless streamfunction
and vorticity, and J(a, b) denotes the Jacobian operator
a,b, — a,b,. The Prandtl number Pr, the aspect ratio a,
and the Rayleigh number Ra are given values 2.25, 5
X 1074, and 1 X 104, respectively (Table 1).

The influence of the Agulhas Leakage and the ACC
on the heat and salt balance is modeled by heat and salt
source distributions Q9. The dimensionless advec-
tion—diffusion equations for heat and salt are

aT
LU WL =T, T, QT (29)
S
E'FUS/'FWSZ:SN'FSZZ"‘QS. (Zb)

The model is forced at the surface with a prescribed
surface salt flux:
S
——= = g F(y) + Is.
- = 0F) 3
It consists of a net salt flux component |3, and a spatial
profile F3(y) with amplitude o, and zero integral. The
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profile FS(y) (Fig. 1) is symmetrical with respect to the
equator, and is given by
2
sv) = —cosl N _(»)
Fs(y) cos(600(y)> 24 exp ( 12
— 0.24V 7 erf 5. (%)

Surface temperature is restored toward a fixed atmo-
spheric temperature profile T*, given by (Fig. 1)

T*(y) = 0.5 + 0.5 cos 3y. (5)
The surface heat flux is thus given by
aT
_— = — *
oy~ il = Tl (6)

The relaxation constant b is set at 100, a value char-
acteristic for OGCMs (Dijkstra and Molemaker 1997).

b. The sources

The sources in Eq. (2) are split into an Agulhas com-
ponent and an ACC component. The amplitudes of these
sources can be varied independently via = and o

Q'(Y: 9 = 7auQau(Y: 2 + 7Qi(y, 2 (79)

QY 2 = 05 Q3u(Y: D + 0w Q2(Y, 2. (7D)

The spatial integrals of the distribution functions equal
1 so that 7, and o, represent the net exchange by that
particular source component. The (dimensionless) am-
plitudes 7 and o and the distribution functions QT and
Qs can be related to the “‘real” sources of heat and salt
that are implied by interocean exchange, but these are
hardly known. Since no sufficiently detailed information
about the spatial distribution of these interocean fluxes
have been found in the literature, the climatology of the
high-resolution OGCM OCCAM (Wehb et al. 1998) is
used. In appendix A, an analysis of the interocean ex-
change processes in OCCAM is presented. In appendix
B it is shown how the interocean fluxesin OCCAM are
used to determine the amplitudes of the sources as used
in Eq. (7).

Tables 2 and 3 show the dimensional and dimen-
sionless source amplitudes implied by the OCCAM in-
terocean fluxes in combination with a realistic Bering
Strait salt transport (Coachman and Aagaard 1988) and
a 0.5 Sv surface freshwater export (Baumgartner and
Reichel 1975). However, the salt sources and sinks do
not add up to O so that the salt balance

Ogu T Oe T s — 1°5=10 (8)

does not hold. This is partly due to geometric effects
like the irregular width of the Atlantic basin and the
convergence of meridians. This impedes a consistent
mapping of the fluxes on a meridional strip of constant
width. For another part, the nonzero sum of the fluxes
is caused by storage of salt in the OCCAM model and
the residual transports not included in the calculation
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TaBLE 3. The amplitudes of the Agulhas (o) and ACC (o) salt
sources, as well as of the Bering Strait (o) and surface (I15) salt
fluxes used in this study. Dimensional values for the Agulhas and
ACC salt sources are calculated from the OCCAM climatology (see
appendix A). The net surface salt flux IS is consistent with a 0.5 Sv
net surface freshwater export (Baumgartner and Reichel 1975). The
Bering Strait salt flux amplitude is consistent with the Coachman and
Aagaard (1988) estimate. Dimensionless values are the equivalent
salt source and flux amplitudes as determined in appendix B. The
conversion factors can be used to relate the dimensionless source
amplitudes o to their dimensional equivalents o* (in Sv psu). The
lower row gives the values applied in the standard source configu-
ration. Note that the value of o, is increased in the standard con-
figuration to close the salt balance.

Salt sources O O oe s 13
Dimensional (Sv psu) 1085 —-6.96 —-20 -—180
Dimensionless 095 -064 -036 -—194
Conversion factor (Sv psu) 1142  10.88 5.56 9.28
Standard source configuration 1 -3 0 -2

(i.e., eddy fluxes and diffusion). The values of oy, and
o... were determined from the OCCAM climatol ogy and
are probably |east representative for the real ocean. The
choice was made to adjust the strength of the ACC salt
source so that it matches the sum of the other sources.
When Bering Strait salt export isincluded, the ACC salt
sink is reduced according to 0, = 3 — O

In appendix C the construction of the source distri-
butions is described. Analytical functions are fitted to
the profiles derived from the OCCAM model. A spatial
view on the resulting source/sink distributions is pro-
vided by the wire plots of Fig. 2, which show the heat
and salt sources of the Agulhas and the ACC with (di-
mensionless) amplitudes =1. The Agulhas heat source
profile shows strong heat input in the subsurface layer,
whereas the ACC heat sink profile is characterized by
heat export from the upper layer. A slight heat input is
present at intermediate levels. The Agulhas salt flux
profile is characterized by strong salt input at shallow
levels and a vertically homogeneous salt input at deep
and bottom water levels. At intermediate depths there
is aminimum in westward salt transport. The ACC salt
source shows a similar structure, but of opposite sign.
It features a shallow salt export, an input of salt at in-
termediate depths, and a small export at the deeper lev-
els.

The Bering Strait salt flux is modeled by alateral salt
flux through the northern boundary of the domain. The
profile is taken to be exponential in the vertical, so that

S
- = FS = —
dy bs O-bsl —ec

e, ©)

Note that negative values of o, denote salt export. The
parameter c is given the value 17 so that its correspond-
ing depth scale of about 300 m is characteristic of the
depth of the shallow overflow ridges in the northern
North Atlantic.

For convenience, the source amplitudes will be given
in dimensional units (PW or Sv psu) throughout the rest
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Fic. 4. Observed zonally averaged Atlantic sea surface salinity
(Levitus 1982) compared with the surface salinity of the solution with
standard source configuration (‘‘no Bering Strait’”) and a solution
where a redlistic (o, = —2.0 Sv psu) Bering Strait salt export is
included (*‘Bering Strait’).

of this paper. The conversion factors between the di-
mensionless and dimensional amplitudes (denoted by
an asterisk) are given in Tables 2 and 3.

3. Results
a. The standard experiment (no Bering Strait flux)

Figure 3 shows the streamfunction, temperature, and
salinity fields of the solution that is forced with the
standard source configuration, according to Tables 2 and
3. Bering Strait salt export has not been included at this
point (o = 0). The amplitude of the surface salt flux
o, is set at 10, which is roughly equivalent to 35 X
10-°m s *or 1100 mm yr-* (Weijer et a. 1999). This
is a characteristic amplitude for estimates of the zonally
averaged E — P in the Atlantic (e.g., Zaucker et al.
1994).

The steady-state circulation for these parameter val-
ues is characterized by a strong overturning with down-
welling in the northern part of the domain. The over-
turning strength, as measured by the maximum val ue of
the streamfunction ..., IS 10.5 in dimensionless units.
With the dimensional streamfunction y* being related
to its scaled counterpart via y* = k, L/H s (Weijer et
al. 1999), this corresponds to a dimensional stream-
function of about 0.27 m3 s~* per longitudinal meter,
or, if applied to a basin 60° wide, a transport of 19 Sv.
This overturning strength agrees well with the 20 Sv
estimate of Broecker (1991).

The temperature field (Fig. 3, middlie panel) shows a
well-devel oped thermocline. The strong Agulhas source
is responsible for the subsurface temperature maximum
at 0 = 40°S. The sdlinity field displays a strong mini-
mum at the most southerly latitudes, where the ACC
salt sink extracts salt from the Atlantic. From this fresh
pool a low-salinity tongue is advected northward to
within the subtropics. This feature resembles the north-
ward penetration of the relatively fresh AAIW into the
Atlantic (e.g., Levitus 1982).
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Warm Water Scenario

Cold Water Scenario

Fic. 5. Schematic illustration of the fate of the Agulhas Leakage
water for the cold and warm water scenarios. In the cold water sce-
nario, Agulhas Leakage water recirculates in the South Atlantic Sub-
tropical Gyre and leaves the Atlantic at the same level. In the warm
water scenario, it takes part in the overturning circulation and leaves
the Atlantic as NADW.

Comparison of the model’s surface salinities (Fig. 4,
“no Bering Strait”’) with observations (*‘Levitus”)
shows that the position and amplitudes of the subtropical
maxima and tropical minimum are well reproduced. The
low salinities in the ACC region reflect the fact that the
amplitude of the ACC salt sink isincreased with respect
to the OCCAM estimate to close the salt balance. This
approach has disproportionally increased the salt export
at shallow levels; closure of the salt balance by a ver-
tically homogeneous correction might have resulted in
a more realistic sea surface salinity.

The model’s North Atlantic salinities are, on the con-
trary, too high with respect to the observations. Inclu-
sion of the Bering Strait salt export at the northern
boundary of the domain (with a readlistic amplitude
of, = —2.0 Sv psu) does not result in the necessary
freshening of the North Atlantic (Fig. 4, “Bering
Strait’). It is probable that the absence of zonal struc-
tures in this model is partly responsible for this dis-
crepancy: in this model, southward penetration of the
Bering Strait freshwater input is inhibited by the north-
ward flow of the overturning circulation. In the real
ocean, however, meridional transports of salt and fresh-
water are accomplished by the wind-driven circulation
as well. Thiswould allow the freshwater input from the
Arctic Ocean to be advected southward, in spite of the
northward transport induced by the overturning circu-
lation.

b. Impact of Agulhas Leakage

Starting from the standard solution, we decrease both
the amplitude of the Agulhas heat and salt sources to
study the response of the overturning circulation to
changes in the so-called warm water route. Upon re-
ducing the strength of the Agulhas heat source from 1.1
to 0 PW (7, from 6 to 0) the surface heat flux adjusts
itself in such away that the heat balance remains closed.
The reduction of the Agulhas heat input thus resultsin
a reduced net surface heat loss. The strength of the
overturning circulation drops from 19 to 13 Sy, reflect-
ing an averaged sensitivity of 5 Sv per PW.

For salinity, however, the surface flux is prescribed
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and cannot adjust to close the balance. So when reducing
the Agulhas salt input from 11.4 to O Sv psu (o, from
1 to 0), a choice must be made where the reduced salt
input is compensated. This choice is not obvious. The
net surface freshwater flux is determined by the differ-
ence between precipitation and evaporation in the catch-
ment area of the Atlantic, and it is not very likely that
it depends markedly on the presence or absence of Agul-
has salt input. It is likely that net evaporation is influ-
enced to some extent by the Agulhas heat input in the
South Atlantic, but reduction of this heat input, and thus
the excess evaporation, leads to a decrease in the (vir-
tual) surface salt input.

It is probable that shutting off the Agulhas Leakage
would result in areduced salt export in the ACC region.
Three possible scenarios are tested to get an idea of the
tendency of the response, and of possible sensitivities.
These scenarios keep the amplitude o, of the ACC salt
sink profile constant: the reduction in the export is ac-
complished by addition of an extra salt source to this
ACC profile. The scenarios differ in the vertical distri-
bution of this additional source, and thus represent dif-
ferent scenarios for NADW renewal (Fig. 5).

Cold water scenario. A vertically homogeneous salt
source is added in the upper 2500 m of the ACC
region. This case mimics a dominant role of the
so-called cold water route for NADW renewal
since the salt imported in the Agulhas region does
not leave the Atlantic in the form of NADW, but
at shallower levels. It may leave with the South
Atlantic Current or it may end up in the upper
layers of the ACC by cross-frontal exchange at the
Brazil-Malvinas Confluence region (Boebel et al.
1999).

Hybrid scenario. A vertically homogeneous salt
source is added over the whole depth range in the
ACC region. The resulting reduction in the net salt
export is now homogeneously distributed over the
whole depth range. Both interpretations of the cold
and warm water scenarios now partly apply.

Warm water scenario. The additional salt source is
now applied over the deeper half of the domain.
In this scenario all Agulhas salt input leaves the
Atlantic with the NADW, so that reduction of this
input results in reduced deep salt export. Since the
participation of Agulhas Leakage water in forming
NADW is now considerable, it mimics the so-
called warm water route of NADW renewal.

Figure 6 shows that a reduced Agulhas salt input
reduces the Atlantic overturning circulation if at least a
part of the Agulhas Leakage water participates in the
NADW production (hybrid and warm water scenarios).
A vertically homogeneous compensation (hybrid) re-
duces the overturning strength with 1 Sv, while a deep
compensation (warm water scenario) reduces the
strength even with 2.3 Sv (i.e., 12%). In the case of a
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Fic. 6. The overturning strength as a function of the Agulhas salt
source strength for the three scenarios mentioned in the text. Note
that o7, decreases to the right.

shallow compensation (cold water scenario) the over-
turning strength is almost unchanged.

The response of the overturning circulation to the
Agulhas heat and salt sources can be understood by
looking at their impact on the energy balance of the
system (Weijer et al. 1999). In appendix D it is shown
that the Agulhas heat source, in combination with the
associated surface cooling, supplies potential energy to
the system. This energy is converted into kinetic energy
and is used to strengthen the overturning circulation. If
balanced by a deep salt sink, the Agulhas salt source
supplies potential energy as well. If, on the other hand,
it is balanced by a shallow salt sink, the supply of po-
tential energy is nil. This explains the strong sensitivity
of the overturning circulation to the Agulhas source
amplitude in the warm water scenario and the negligible
response in the cold water scenario (Fig. 6).

¢. Uniqueness of the standard solution

In this section it is shown that the northern sinking
solution that is forced by the standard source configu-
ration is unique in the sense that no other equilibriaare
found under the same forcing conditions. To this end
we study how the bifurcation structure of the symmet-
rical model is changed when sources and sinks of heat
and salt are applied. Figure 7 shows the bifurcation
diagram of the system that has reflective symmetry with
respect to the equator and for which all source ampli-
tudes a3, etc., are zero. The streamfunctionintheright-
hand side of the domain (%) is computed to monitor
the solution when the amplitude of the surface salt flux
is modified. For low values of this salt forcing, only a
thermally driven solution (TH) existsthat issymmetrical
and displays downwelling at both poles (Fig. 8, upper
panel). At the (subcritical) pitchfork bifurcation P, this
solution loses stability and two asymmetrical solutions
branch off. These solutions are characterized by down-
welling at the northern [northern sinking pole-to-pole
(NPP), Fig. 8, middle panel] or southern [southern sink-
ing pole-to-pole (SPP)] polar region, and they become
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Fic. 7. Bifurcation diagram of the symmetric model without in-
ternal sources and zero net surface salt flux (1S = 0). Control param-
eter is the surface salt flux amplitude o, and the solutions are mon-
itored with the streamfunction value (¢,) in the (arbitrarily chosen)
point (0, 2) = (42°, —450 m) on the Northern Hemisphere. Negative
values denote clockwise circulation. Stable branches are solid, un-
stable branches are dashed. Indicated are the thermally driven branch
(TH), the salinity driven branch (SA), and the northern sinking and
southern sinking pole-to-pole circulations (NPP and SPP). The
squares denote the pitchfork bifurcations P, and P,, whereas the limit
points Lg and L, are indicated by dots. The open circles indicate the
position of the solutions shown in Fig. 8, whereas the crosses at o
= 10 correspond to those on the *‘no sources” curve of Fig. 12. Note
that o, = 10 is a characteristic value for present-day E — P in the
Atlantic.

stable at the limit points L, and Lg. These solutions
recombine with the symmetrical branch at the (super-
critical) pitchfork bifurcation P,. Beyond P, only a sa-
linity-driven circulation (SA, Fig. 8, lower panel) exists,
with downwelling in the evaporative subtropical regions
and upwelling at the equator and the poles.

When a buoyancy source or sink is applied at the
latitudes where the Atlantic interacts with the rest of the
World Ocean, say in the Agulhas region, the equatorial
symmetry of the model is broken. Figure 9 shows the
resulting bifurcation diagrams when an Agulhas heat
source is applied with a purely exponential shapein the
vertical [according to Eq. (C4) and Table C1 but with
a, = 0], and a positive (75, = 0.02 PW, upper panel)
or negative (75, = —0.02 PW; Fig. 9 lower panel) am-
plitude. The plots clearly show that the pitchfork bi-
furcations P, and P, disappear and new limit points L,
and L, arise.

When the positive heat source is applied, the NPP
circulation is connected to the TH branch via the limit
points L, and L, and a small branch of unstable solu-
tions. For slightly larger source amplitudes, these limit
points merge, rendering the transformation of the TH
solution into the NPP solution continuous. For large
values of o the NPP branch is continuously connected
to the salinity-driven solutions (SA). The SPP solution
has become isolated, and can only exist in the window
bounded by limit points Lg and L,. For larger values of
Thw this window shrinks drasticaly, until at 7%, = 0.06
PW (7, = 0.31) these limit points merge into asingle
isolated point in parameter space (Fig. 10 upper panel,

WEIJER ET AL.

depth (km)

depth (km)

depth (km})

latitude

Fic. 8. Three solutions of the symmetrical model, corresponding
to the open circles in the bifurcation diagram of Fig. 7. Shown are
a thermally driven circulation (TH, o, = 0, upper panel), a pole-to-
pole circulation (NPR, o, = 10, middle panel), and a salinity-driven
solution (SA, o, = 20, lower panel). Streamfunctions are normalized
with respect to their maxima, contour interval is 0.1, solid (dashed)
contours denote (anti-) clockwise circulation.

dashed line). For higher values of 7%, the region of
multiple equilibria disappears, and the NPP solution is
the only circulation that is possible for arealistic value
of the surface salt flux (o = 10).

For a negative heat source 73, = —0.02 PW, Fig. 9,
lower panel), the roles of NPP and SPP are reversed,
so that the NPP branch becomes isolated. The limit
points L, and L, merge at about 7%, = —0.04 PW (7,
= —0.23: Fig. 10 upper panel, solid line) so that the
NPP solution ceases to exist below this value.

The breakup of the original bifurcation diagram under
the influence of a salt source is comparable to the ther-
mal case. Figure 10 (lower panel) shows, however, that
the amplitudes beyond which the NPP (o, > 0.06, or
0.7 Sv psu) and the SPP (o,, < —0.07, or —0.8 Sv
psu) cease to exist are considerably smaller than their
thermal counterparts. Evidently, the existence of the
pole-to-pole circulation patterns is more sensitive to sa-
line than to thermally induced asymmetries.

The regime diagram of Fig. 11 shows the areas in
O, —Thyu SPace where NPP and SPP solutions (co)exist.
The standard source configuration features a net heat
source of roughly 0.74 PW (7%, + 7%.) and a net salt
sink of about —21.2 Sv psu (0%, + o%.). This places
its NPP solution far in the upper-left quadrant of Fig.
11 (indicated by the upper arrow), well outside the ex-
istence area of the SPP solutions. The configuration
without Agulhas heat and salt sources features both a
net heat and salt export 7%, = —0.34 PW, 0%, = —32.6
Sv psu), and corresponds to a point in the lower-left
guadrant of the plot (indicated by the lower arrow). It
is situated well above the line separating the NPP and
the NPP/SPP areas. This means that the buoyancy fluxes
brought about by interocean exchange in the Southern
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FiG. 9. Bifurcation diagrams of the model with a positive (7., =
0.02 PW, upper) and a negative (7., = —0.02 PW, lower) heat source
in the Agulhas region. Due to the loss of the equatorial symmetry,
the pitchfork bifurcations P, and P, are broken up into limit points
L, and L,. A positive heat source in the Agulhas region (upper panel)
stabilizes the northern sinking solution (NPP) and connects this
branch continuously to the salinity-driven solution (SA), and vialimit
points L, and L, to the branch of thermally driven solutions (TH). A
negative heat source hinders the NPP circulation and isolates its
branch in parameter space.

Ocean favor the northern sinking solution considerably.
The imposed asymmetries furthermore inhibit the ex-
istence of the southern sinking solutions, making regime
switches from a northern sinking to a southern sinking
circulation unlikely.

d. Multiple equilibria in the presence of Bering Srait
inflow

In the previous section we have seen that the ex-
change of buoyancy between the Atlantic and the rest
of the World Ocean via the Southern Ocean strongly
favors the northern sinking circulation state. It even dis-
pels the competing southern sinking solution from the
area in parameter space that may be considered as rep-
resentative for thereal ocean. However, the Atlantic also
exchanges freshwater with the Pacific via Bering Strait,
and it is conceivable that the freshwater input into the
North Atlantic hinders the northern sinking circulation.
In this section we study how the areas of existence of
the NPP and SPP solutions are influenced by Bering
Strait freshwater import. The strength of the Bering
Strait salt export is controlled by the parameter . In
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FiG. 10. The position of the limit points Lg, Ly, and L, in oy,
space (upper) and in o,— o, Space (lower). The heat and salt source
distributions are identical and decay exponentially with depth. A net
salt source is compensated by an offset in the surface salt flux. For
negative 7, Or positive oy, the NPP solution only exists in the
window bounded by L, and L,, and is completely absent for values
smaller than 7, = —0.04 PW or larger than o}, = 0.7 Sv psu. For
positive 7., or negative o7, the NPP solution cannot be clearly dis-
tinguished from the SA and TH branches, since NPP transforms con-
tinuously into the SA branch, and the limit points L, and L, disappear
for increasing source amplitudes.

the experiments, the amplitude of the ACC salt sink is
adjusted to satisfy the balance of Eg. (8).

Figure 12 shows i, as function of the Bering Strait
salt export —of, for three different source configura-
tions. The curve denoted **ACC + Agulhas’ is con-
structed with the standard source configuration of Tables
2 and 3. The northern sinking circulation pattern that
is so firmly established in the standard source config-
uration with o = 0 is stable with respect to a very
large Bering Strait freshwater input (Fig. 13 upper pan-
el). Only when the amplitude exceeds the value of 6.7
Sv psu a counterrotating cell develops, that rapidly ex-
pels the main overturning cell toward the south (Fig. 13
middle panel). On the branch of unstable solutions, be-
tween the limit points at —o7, = 11.3 and 5.2 Sv psu,
the clockwise rotating cell iseliminated completely. The
southern sinking solution that is established (Fig. 13
lower panel) is stable for —oi, > 5.2 Sv psu.

Reducing Agulhas Leakage heat and salt sources to-
ward zero (i.e., switching from the **ACC + Agulhas”
branch to ““ACC only’") strongly reduces the strength
of the overturning circulation, as has been shown in the
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Fic. 11. Regime diagram showing the areasin o7,~75,, Space where
NPP and SPP solutions exist. Heat input and salt export inthe Agulhas
region (7., > 0 and o7, < 0) favor the existence of the NPP solutions,
whereas heat export and salt input (75, < 0 and oy, > 0) hinder
their existence. The arrows point approximately in the direction
(—21.2 Sv psu, 0.74 PW) of the standard source configuration (upper
arrow) and the configuration (—32.6 Sv psu, —0.34 PW) without the
Agulhas Leakage (lower arrow). Both configurations are situated in
the unique NPP regime.

former section. This reduction has large consegquences
for the stability of the circulation with respect to Bering
Strait freshwater input. The curve denoted ** ACC only”
in Fig. 12 shows a dramatic shift in the position of the
[imit points. The limit point with the lowest value of
— o shifts toward 2.1 Sv psu and is now close to the
value of 2.0 Sv psu that may be considered represen-
tative for the present-day situation. This suggests that
shutting off the Agulhas Leakage could drag the over-
turning circulation close to a regime where southern
sinking solutions might exist under the same surface
forcing. Finite amplitude disturbances (like freshwater
input from a melting Greenland ice sheet) might induce
a dramatic shift.

Figure 12 confirms the findings of the former section
that the NPP solution is unique when it is forced by the
standard source configuration (with o, = 0). The curve
denoted **no sources’ was created in the absence of the
Southern Ocean buoyancy sources and shows three zero
crossings that correspond to three points on the bifur-
cation diagram of the model with equatorial symmetry
(Fig. 7, a o, = 10). It thus connects the NPP branch,
viathe unstable TH/SA solutions, with the SPP branch.
Upon introducing the Southern Ocean sources, the curve
““no sources”’ transforms into the curves **ACC"” only
or ““ACC + Agulhas’ and the two zero crossings as-
socitated with the TH/SA and SPP branches disappear.
This leaves NPP as the only possible solution for o,
=0.

4, Summary and discussion

In this paper we studied the impact of interocean
fluxes of heat and salt on the strength and stability of
the thermohaline circulation in the Atlantic Ocean. We
forced a 2D model of the Atlantic overturning circu-
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Fic. 12. Value of ¢, as a function of the amplitude of the Bering
Strait salt export —o},. The curve denoted “ACC + Agulhas’ is
constructed with all Southern Ocean sources present, whereas the
“ACC only” curve is constructed with the ACC distributions only.
Increased Bering Strait salt export is compensated by decreased ACC
salt export. In the ““no sources” case, no Southern Ocean sources are
present, and increased Bering Strait salt export is compensated by
decreased surface salt input to retain the basic symmetry of the model.
A redistic value of —a, is 2.0 Sv psu, so shutting of the Agulhas
Leakage would bring the model close to the regime where the NPP
and SPP solutions coexist. The open circles indicate the positions of
the solutions shown in Fig. 13, whereas the crosses at o, = 0 cor-
respond to those at o, = 10 in Fig. 7.

lation with source/sink distributions of heat and salt
representing the exchange between the Atlantic and the
rest of the World Ocean viathe ACC and viathe Agulhas
Leakage. The profiles of these distributions are based
on the climatology of the high-resolution ocean model
OCCAM since no sufficiently detailed information
about the spatial structure of interocean fluxes was
found in the literature. Although a detailed analysis of
the interocean exchange in this model (Weijer 2000) has
shown some unrealistic features when compared with
observations, it was concluded that the large-scaletrans-
ports and thermohaline structure are reasonably well
reproduced. This justifies the use of the OCCAM flux
profiles as a basis of the source distributions.

The Southern Ocean source configuration reflecting
best the present-day interocean exchange appeared to
promote the overturning circulation with northern sink-
ing in this model. Only a weak Southern Ocean buoy-
ancy source turned out to be enough to inhibit the south-
ern sinking solution from existing so that in this model
the northern sinking solution is unique under present-
day forcing conditions. A very large (factor 3) increase
in the relatively fresh inflow through Bering Strait (or
some other freshwater source in the north) is necessary
to bring the model back into a regime where multiple
equilibria exist.

Especialy the Indian-Atlantic interocean exchange
through the Agulhas Leakage turned out to be an im-
portant stimulus of the northern sinking circulation. In
thismodel, Agulhas heat input promotes the overturning
circulation mainly by the potential energy supply im-
plied by its (subsurface) heat source. This potential en-
ergy isreleased and converted into kinetic energy of the
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FiG. 13. Streamfunctions of the solutions corresponding to the open
circles on the curve “ACC + Agulhas’ of Fig. 12. Upper panel
shows an NPP solution on the lower branch in Fig. 12 (— o}, = 6.7
Sv psu), middle panel shows a solution with the downwelling shifted
to the Subtropical latitudes (— o}, = 9.2 Sv psu), and the lower panel
is an SPP solution (—o}, = 6.7 Sv psu). Streamfunctions are nor-
malized with respect to their maxima, contour interval is 0.1, and
solid (dashed) contours denote (anti-) clockwise circulation.

flow (Weijer et al. 1999). The impact of Agulhas salt
input on the overturning strength depends on its fate: if
Agulhas Leakage water participates in the overturning
circulation, so that its salt leaves the Atlantic with
NADW, it strongly promotes the overturning circulation
due to the associated potential energy release. If, on the
other hand, Agulhas L eakage water does not participate
in the overturning circulation, its salt recirculatesin the
South Atlantic Subtropical Gyre, and leavesthe Atlantic
on approximately the same level on which it entered
(with the South Atlantic Current or the ACC); itsinflu-
ence on the overturning circulation is consequently
small. These results impose dynamical significance to
the discussion about how NADW export iscompensated
(see, e.g., Gordon et al. 1992). They indicate that it is
important for the Atlantic overturning circulation
whether the source water of NADW has entered the
Atlantic through Drake Passage, with cold and fresh
subantarctic characteristics, or viathe Agulhas L eakage,
with warm and salty (sub)tropical qualities.

One caveat must be mentioned. The source distri-
butions used in this model represent fluxes that are con-
sistent with, and to a certain extent generated by, the
present-day overturning circulation. Since this circula-
tion is clearly in a northern sinking state, the imposed
asymmetry is not independent of the present-day cir-
culation. If an aternative circulation pattern would gen-
erate interocean fluxes that are different, and favorable
for that particular state, then the stability of these states
would have been underestimated by the approach used
here. The northern sinking state would have been biased
by the choice of the sources. That this is the case for
temperature is amost beyond doubt: the equatorward
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heat flux, a feature unique to the South Atlantic, is to
a large extent generated by the overturning circulation
(e.g., Rintoul 1991).

On the other hand, not all processes generating in-
terocean transports are necessarily connected to the
overturning circulation. The Agulhas Leakage is prob-
ably a predominantly wind-driven feature, athough it
is possible that interoceanic pressure differences, in-
duced by thermohaline processes, to some extent assist
in this exchange (De Ruijter et al. 1999). It is probable
that the Agulhas heat input influences the South Atlantic
stratification and the atmospheric heat flux, independent
of whether Agulhas Leakage water participates in the
Atlantic overturning circulation. So even if no Agulhas
Leakage water would take part in the overturning cir-
culation, it would probably still sustain a net input of
heat and salt and thus influence the large-scale pressure
field and overturning strength. Nevertheless, even if the
northern sinking stateis biased by the fact that the sourc-
es are diagnosed from a model circulation that isin this
state, it is clear that the interocean fluxes brought about
by this circulation pattern provide a strong stabilizing
factor.

Our 2D model of the Atlantic overturning circulation,
coupled to a continuation code, turned out to be an
efficient and effective tool for studying parameter sen-
sitivities. Furthermore, it allowed for decoupling the
interocean fluxes of heat and salt from the exchange of
water between the several ocean basins and for param-
eterizing these fluxes as sources with controllable am-
plitudes and distributions. Nevertheless, the large sim-
plifications of the model make it useful to test and ex-
plore conceptual ideas, rather than to make a quanti-
tative estimate of the stability of the ocean circulation.
Several limitations of the model may be mentioned that
are likely to have quantitative impact on the stability
characteristics of the solutions. But how and to what
extent these effects modify the stability quantitatively,
and whether they are strong enough to change our (qual-
itative) conclusions on the preference of the NPP cir-
culation, has to be studied with more realistic (prefer-
ably 3D global coupled) models.

The fixed surface freshwater flux, for instance, does
not take into account that the Southern Ocean heat ex-
change may influence evaporation and precipitation
rates in the Atlantic. Thus both the strength of the At-
lantic freshwater cycle (i.e., o in our model) and the
excess evaporation over precipitation (—15) may not be
independent of the Southern Ocean heat sources. Also
the degree of equatorial asymmetry of the freshwater
flux distribution (see also Dijkstraand Neelin 2000) may
to some extent be influenced by these sources. Other
limitations arise from the two-dimensionality of the
model and include absence of realistic geometry, Cor-
iolis effects, wind stress, and, in our case, a realistic
geographic representation of the sources. The approach
of projecting the ACC and Agulhas fluxes on a merid-
ional plane resulted in partly overlapping and canceling
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source distributions, doing no justice to the fact that the
fluxes are a result of complex mixing processes taking
place over the entire width of the South Atlantic. How-
ever, it is hard, if not impossible, to parameterize and
control these processes in a 3D model, so we believe
that our approach is reasonable.

Sincethe Agulhas L eakage depends on characteristics
of the Indian Ocean wind stress field (De Ruijter et al.
1999), it may be rather sensitive to changesin the wind
climatology. The Agulhas Leakage was probably se-
verely reduced during the last glacial period due to a
more northerly position of the STCZ (Howard and Prell
1992; Flores et al. 1999). The results of this study show
that this may have played arolein reducing the strength
of the overturning circulation in the glacial Atlantic.
Besides, absence or reduction of the Agulhas Leakage
may have made the glacial circulation more susceptible
to regime switches and instabilities. Figure 12 shows
that reducing the stabilizing influence of the Agulhas
Leakage brings other circulation regimes back into the
picture. This enables regime switches, either forced by
finite amplitude disturbances or by stochastic compo-
nents of the surface freshwater forcing (Weaver and
Hughes 1994). Furthermore, a weaker overturning may
be more susceptible to excitation of damped oscillatory
modes, as found by Tziperman (1997). Our results fur-
thermore support the suggestion of Berger and Wefer
(1996) that the common start-up of NADW production
and opening of the Agulhas Leakage at the end of the
last ice age could have been more than just a simulta-
neous response to external forcing: arestart of the leak-
age due to a southward shift in the position of the STCZ
may have stimulated the recovery and stabilization of
the conveyer belt circulation.

Reconstructions of glacial deep-water circulation not
only suggest that the northern sinking overturning cir-
culation was reduced in strength (rather than absent or
reversed), but also that the source region of NADW was
shifted to regions south of Iceland (Keigwin et al. 1991,
Sarntheim et al. 1994). Manabe and Stouffer (1988) and
Rahmstorf (1994) explained the reduction in overturn-
ing strength by transitions between equilibria with
weaker and stronger overturning circulations, as found
in several models (e.g., Manabe and Stouffer 1988;
Weaver and Hughes 1994; Rahmstorf 1994, 1996; Dijk-
stra and Neelin 2000). However, none of these transi-
tions seem to produce a southward shift of the down-
welling region. Figure 12 shows a transition that might
explain the glacial North Atlantic climate changes. This
transition is related to a southward shift of the main
downwelling area from the northern polar region (Fig.
13 upper panel) to the subtropics (Fig. 13 middle panel).
Although this transition in the present configuration
does not involve limit points and hysteresis behavior,
the heat transport toward the northern North Atlantic
region is reduced abruptly, once the downwelling site
has left the North Atlantic subpolar regions.

Figure 12 shows that the transition requires an in-
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creased freshwater input into the northern North Atlan-
tic, which is not consistent with the situation during the
last glacial period when Bering Strait was closed. Nev-
ertheless, this mode may have played a role in gener-
ating the brief episodes of cooler climate in Europe at
the end of the last glacial cycle (including the Younger
Dryas event). Palaeoclimatic records indicate that these
events of reduced NADW production coincided with
enhanced glacial meltwater discharge (Keigwin et al.
1991). Although meltwater discharge cannot be consid-
ered as a steady-state process, the results of Fairbanks
(1989) suggest that at the end of the last ice age the
rate of meltwater discharge exceeded 0.1 Sv for aperiod
of about 6000 years (roughly between 13 and 7 kyr BP),
that is, a timescale comparable to the adjustment time
of the global thermohaline circulation. Peaking at dis-
charge rates of 0.30 and 0.44 Sv, the average discharge
in this period must have been close to 0.16 Sv. Being
discharged primarily into the North Atlantic, this input
of freshwater iscomparableto aBering Strait salt export
of no less than o}, = —5.7 Sv psu, with peaks of —10
and —15 Sv psu. In view of Fig. 12, this would mean
a threat to the stability of the NPP circulation in the
Atlantic, in favor of the modified solution in Fig. 13
(middle panel) or the SPP (Fig. 13 lower panel).

The result that the Southern Ocean buoyancy ex-
change stabilizes the overturning circulation indicates
that the present-day Atlantic overturning may be more
stable than suggested by the three-box model of Shaffer
and Bendtsen (1994) and the low-resolution GCM of
Weaver and Hughes (1994). In both models, present-
day (and Eemian) forcing could sustain more than one
circulation, among which are the northern and southern
sinking solutions. In the model of Shaffer and Bendtsen
(1994) the northern sinking solution could be destabi-
lized in favor of a southern sinking circulation by an
increase of Bering Strait inflow to 1.1 Sv. In the model
of Hughes and Weaver (1994), transitions between
northern and southern sinking states could be induced
by increasing the stochastic component of the surface
freshwater flux. In both papers it is suggested that a
warmer climate (like the Eemian, or that implied by
global warming scenarios) would enhance the hydro-
logical cycle, and thereby increase the threat of dramatic
climate change. However, if the Southern Ocean inter-
ocean fluxes, and the Agulhas Leakage in particular,
indeed stabilize the present-day circulation to such an
extent that other circulations cannot exist under present-
day (or future) forcing, then our climate may be more
stable than thought.
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APPENDIX A

Atlantic Interocean Exchange in OCCAM

The spatial distribution and amplitudes of the heat
and salt sources that are used in our model to param-
eterize the heat and salt exchange are (partly) based on
the interocean exchange in the high-resolution general
circulation model OCCAM. The Ocean Circulation and
Climate Advanced Modelling project is a high-resolu-
tion modeling effort at the Southampton Oceanographic
Centre, aimed at the development of global ocean mod-
els suitable for climate studies. The OCCAM model is
a modified version of the Bryan—Cox—Semtner code
(Webb et al. 1998) and has a resolution of 0.25° in both
longitude and latitude and 36 levelsin the vertical. De-
tails of the model are described in Webb et al. (1998)
(more information about the model and products can be
found online at www.soc.soton.ac.uk/JRD/OCCAM).

In the first main run, OCCAM has been integrated
for 14 years. During the first 4 years, the model wasin
arobust diagnostic mode, and the fields of temperature
and salinity were restored to the climatol ogies of Levitus
(1982), Levitus and Boyer (1994), and Levitus et al.
(1994). The model was run in prognostic mode for 10
more years. The last 6 years have been released for
analysis, and a 6-yr average of the dynamical fields
serves as a climatology of the model. Obviously, the
dynamical fields cannot have reached an equilibriumin
14 years of integration. Saunders et al. (1999) analyzed
the model drift in OCCAM, and reported arisein global
temperature of 0.02°C yr—*. The short integration period
prevents the thermohaline fields from drifting away too
far from the observation-based climatologies. Analysis
of the meridional transports in the Pacific (Saunders et
al. 1999) has shown that there is considerable storage
of heat in this basin, consistent with the general tem-
perature rise. The storage of freshwater in the Pacific
turned out to be small, but the meridional salt transport
in the Pacific showed variations on the order of 2 Sv
psu, about 10% of the 21.5 Sv psu net salt transport
through Bering Strait. Our analysis of the thermohaline
structures and the major current systems on the 20°E
and 70°W sections indicates that they agree reasonably
well with observations (Weijer 2000). We therefore be-
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TaBLE Al. Transports of volume, heat and salt across the 70°W
and 20°E OCCAM sections in the Southern Ocean. Heat and salt
fluxes are calculated with respect to the Atlantic mean temperature
(T,) and salinity (S,), calculated from Levitus (1982).

Volume Heat Salt

Section (sv) (PW) (Sv psu)
70°W 153.57 -0.52 —67.76
20°E 154.03 -131 —71.66
AGU 1.66 -115 —10.85
ACC 152.37 —-0.15 —60.80
20°E-70°W 0.46 -0.79 -3.90
20°E, ACC-70°W -1.20 0.37 6.96

lieve that a (cautious) use of the fluxes in OCCAM as
basisfor the source distributionsin this study isjustified.

To study the exchange between the Atlantic and the
rest of the World Ocean, we analyzed the transports
across the 20°E and 70°W sections, bounding the At-
lantic sector of the Southern Ocean. Temperature (T),
salinity (S), and zonal velocity (u) on these sectionshave
kindly been made available by the OCCAM group. Ta-
ble A1 shows the volume, heat, and salt fluxes through
the main (sub)sections in OCCAM. The 20°E sectionis
divided into an Agulhas part (AGU), and a part com-
prising the ACC and the Weddell Gyre (ACC). The
bounding latitude 6, between these subsections is based
on the first zero-crossing of the cumulative volume
transport relative to the African continent (Thompson
et al. 1997). Dueto rounding 6, to the nearest grid point,
the volume flux through the AGU section is not com-
pletely zero. The heat and salt fluxes are calculated with
respect to the Atlantic mean temperature (T' =T — T,.)
and salinity (S = S — S,). This guarantees that the
basin-averaged temperature and salinity (and potential
energy) are not affected by exchanging water with these
basin-averaged properties (Weijer et a. 1999). We cal-
culated T,, = 3.86°C and S, = 34.94 psu from the
Levitus (1982) climatology.

APPENDIX B

The Source Amplitudes

In our model, we solve for circulation in ameridional
plane. In fact, the 2D Boussinesq equations are equiv-
alent to the 3D equations per zonal meter when zonal
boundaries, rotation, and zonal gradients are absent. So
in order to make OCCAM heat and salt input compatible
with this meridional-slice approach, we have to think
of these sources as being distributed over the width of
the Atlantic. The approach used to convert the flux di-
vergences of Table Al into the dimensionless source
amplitudes and distributions is as follows: first, we in-
troduce the dimensional sources, Qy(6, 2), r O {T, §};
g O {agu, acc} (in W m~3, g m~2 s~*). These sources
are written as
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QI(6, 2) = 7,QI(y. 2) (B1a)

Q(0, 2) = 5,Q(Y, 2. (B1b)

The (dimensionless) distribution functions Q;, are con-
structed so that their integral over the meridional/depth
plane is 1. The parameters 7 and & thus control the net
input of heat or salt. They are related to the integrated
fluxes of Table Al via

Fag = —UT T HLW, (B2a)
~ ——20E,AGU

= —US LW, (B2b)
Fae = —(UT = UT ) HLW,,  (B20)
G = —(S T — WS YHLWL,..  (B2d)

Here, W,,, and W, denote the approximate widths of
the Atlantic at the latitudes where the exchange takes
place. The Agulhas exchange takes place at about 40°S
where the Atlantic is approximately 80° wide (W,,, =
6.85 X 10°¢ m), whereas the ACC exchange takes place
at, say, 50°S where the width of the Atlantic is close to
90° (W, = 6.46 X 10° m).

Finally, the dimensional amplitudes are scaled ac-
cording to

H2 RGE

Tqr

o=

= — o B3
¢ KPoCAT (B3)

7a KUPOASUq.
Combining the flux amplitudes in Table A1 with char-
acteristic values of Table 1, this leads to 7., = 6.27,
Toe = —2.14, 0,5, = 0.95, and o, = —0.64.

A 0.5 Sv net surface freshwater loss from the Atlantic
(Baumgartner and Reichel 1975) may be converted into
avirtual net input of salt in the dimensionless units of
our model as well. The average width B of a basin 60°
degrees wide (ranging from 60°S to 60°N) is 5.54 X
108 m, so the net evaporation per square meter amounts
to IS = 6.74 X 10~° m s~*. This amount is equivalent
to a dimensionless net surface salt flux 15 of —1.94,
when the following scaling is applied [Weijer et al.
1999, their Eq. (10)]:

| S

_AHS
Kk, AS

Bering Strait salt export equals V(S — S,) and
amounts to 2.05 Sv psu in OCCAM [V, = 0.675 Sv
and S, = 31.9 psu; Saunders et al. (1999)], and to 1.95
Sv psu in the real ocean [V, = 0.8 Sv and S = 32.5
psu, Coachman and Aagaard (1988)]. Supposing the At-
lantic to be 60° wide, we have a salt sink at 60°N of
0ps = —0.12 g m~2 s Thisis equivalent to a dimen-
sionless net flux of g, = —0.36, when [Weijer et al.
1999, their Eq. (13)]

(B4)

AH?

= KULASpOUbS' (85)

Ops
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TaBLE C1. Best-fit parameter values for the heat and salt flux

profiles.
i fle o 3
3 (103PW m Y

102 Sv psu m-1) -3.42 135  —2.33 1.81
a, (103 m™) 0.00 3.00 2.05 3.72
&, (103 m?) 3.72 211 2.28 1.89
3, (105 PW m Y/

103 Sv psu m?) —4.34 3.70 —-1.01 0.96
a, = Ha, 0.0 15.0 10.3 18.6
a, = Ha, 18.6 10.6 11.4 9.5
a, = 4,/a 0.013 0.028 0.043 0.053

APPENDIX C

The Source Distributions

The spatial distributions of the Agulhas and ACC
sources are based on the interocean fluxes in OCCAM
as well. Of course, the detailed distribution of the heat
and salt fluxes is too complicated to be of direct use for
our simple model. Instead, we try to capture the main
characteristics of the sourcesin asimple analytical func-
tion. First we separate the distribution in a y-dependent
part and a z-dependent part:

QY. 2

=g,Nfy@, rO{T,S$; qUO/{agy, acc}.
(C1)
The meridional distributions g,,,(y) and g,.(y) of the

Agulhas and ACC sources are modeled by
, g0 {agu, acc},

_ (M)Z
i )

where 6, and o, denote the center and the meridional
width of the sources. These are taken to be —40° and
5° for the Agulhas sources (q = agu) and —50° and 10°
for the ACC sources (q = acc). The coefficient |, isthe
integral of the exponential:

erf<60 - 0q> N erf<60 + 0q>
O'q O'q
q 0 {agu, acc}

so that the integral of g,(y) equals 1.

The vertical profiles of the source distributions are
based on the zonal heat and salt transports across the
different (sub)sections in OCCAM. For the Agulhas
sources, the meridionally integrated transports across
the 20°E AGU subsection are used. For the ACC sourc-
es, the difference is taken between the meridionaly in-
tegrated transports across the 20°E ACC subsection and
the 70°W section. The latter thus give the flux diver-
gences within the ACC. These meridionally integrated
transports are shown in Figs. C1 and C2 (solid lines).

0.(0(y) = + exp

q

1
|q = 5\/;0'(1

(C3)
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Fic. C1. Vertical profiles of the Agulhas (upper) and the ACC
(Tower) heat fluxes, according to OCCAM (solid lines), and the best-
fit approximations f7, and f. [Eq. (C4); dashed lines].
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Fic. C2. Vertical profiles of the Agulhas (upper) and the ACC
(Tower) salt fluxes, according to OCCAM (solid lines), and the best-
fit approximations f3,, and 3, [Eq. (C4); dashed lines].
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The Agulhas heat source profile (Fig. C1 upper panel)
shows strong heat input in the upper 1000 m. The ACC
heat sink profile (Fig. C1 lower panel) is characterized
by heat export from the upper layer and heat input in
the intermediate layer. The heat exchange on deeper
levelsis very small. The Agulhas salt flux profile (Fig.
C2 upper panel) shows strong salt input at thermocline
levels. Also visible is a minimum in the westward salt
transport at the depths of AAIW, and a constant eastward
salt transport at deep and bottom water levels. The ACC
salt flux divergence curve (Fig. C2, lower panel) shows
a similar structure, but of opposite sign. Here we have
ashallow export, an input of salt at intermediate depths,
and an export at the deeper levels.

Using a least squares method, we fitted a simple an-
alytical function f7,(Z) to the profiles of the general form:

fi(z) = &, cos(a,z)e® + &,
= d,{coda,(z — 1]ex==v + a,}
=alfi@, rO0{T.S; q0O{agu, acc}.
(C4)
The term |, = a,/(a3 + a3) + a, is the integral of

the expression between the braces, making the integral
of fi(2) equal to 1. The values that yield the best fit of
Eq. (C4) to the heat and salt flux profiles are tabulated
in Table C1.

Figures C1 and C2 show that the best-fit approxi-
mations reproduce the characteristic features of the flux-
esin OCCAM very well.

APPENDIX D

The Energy Balance

The response of the overturning circulation to the
Agulhas heat and salt sources can be explained by look-
ing at their contribution to the potential energy balance.
The internal buoyancy sources add an extra term to the
potential energy balance, Eqg. (14) of Weijer et al.
(1999):

S = (B) — B + 1° — (20",

With buoyancy B defined as T — S and (-) denoting
volume integration, this equation states that the basin-
integrated potential energy U of the system can change
due to vertical diffusion of buoyancy, vertical advection
of buoyancy, buoyancy fluxes through the surface (18
=T — I8, a z= 1), and internal sources of buoyancy
(QE = Q" — Q9). In steady state, dU/dt = Oand IT =
<QT> = Tagu + Tacc Is= <QS> = O-agu + O-acc(+0-bs)' The
buoyancy production term (wB) converts potentia to
kinetic energy, and is roughly proportional to (¢/*,)2
(Dijkstra and Molemaker 1997). Since the model isin
the advective regime, changes in the external forcing
(here 18 and (zQ®)) are balanced by (wB), rather than

(D)
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by (B,) (Weijer et al. 1999). The overturning strength
therefore responds directly to changes in these external
forcing terms, and thus to changes in the amplitudes
(and vertical distributions) of the applied buoyancy
sources.

The Agulhas heat source (with amplitude ) gen-
erates net surface cooling at arate I™ = 7,,,. Sincez =
1 and thus (I — (zQ™)) = 7,,(1 — (zZQL.)) O, the sub-
surface heat source and the surface cooling constitute
a net source of potential energy proportional to 7.
This energy is converted into kinetic energy of the flow
when the heat is advected from the (subsurface) source
to the surface, enhancing (wB).

When the Agulhas salt flux is changed, 13 is kept
constant, and only (zQS) is changed. In the cold, hybrid,
and warm water scenarios, changes in the Agulhas salt
input are balanced by an extrasourcein the ACC region,
say Q.3(y, 2) with amplitude o, = 1 — o,. We can
write:

(2Q%)

0f{ZQ5%) + 025
= 0.4 [(ZQ%) — (ZQ)] + (A3,
z0O [0, 1. (D2)

If the shallow salt source is balanced by a deep salt sink
(i.e., the warm water scenario) then the term within
brackets is positive, and potential energy is supplied to
the system, proportional to o, (note that (zQ®) o«
—(zQ¢)). Dueto the advective (downward) salt transport
from the subsurface source to the deep sink, potential
energy is released and converted into kinetic energy of
the flow. If, on the other hand, the salt is removed at a
shallow level (i.e, the cold water scenario), there is
hardly any effect on the energy balance since the term
within brackets is almost zero. This explains why the
warm water scenario generates strong sensitivity of the
overturning circulation, and why the cold water scenario
generates hardly any response at al (Fig. 6).
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